Objective To compare the risk of serious infections associated with use of systemic steroids, non-biologic agents, or tumor necrosis factor α (TNF) inhibitors in pregnancy.
Introduction
Autoimmune inflammatory conditions, including rheumatoid arthritis, systemic lupus erythematosus, ankylosing spondylitis, psoriatic arthritis, and inflammatory bowel disease affect approximately 3-4 million Americans.
1 2 These conditions are known to have a female predominance and affect many women during their childbearing years. Contemporary research studies indicate that disease flares are relatively common during pregnancy among women with these conditions. [3] [4] [5] High disease activity during pregnancy may be associated with adverse neonatal outcomes, including higher risk of preterm births, intrauterine growth restriction, and spontaneous abortions. agents is often necessary during pregnancy to prevent adverse outcomes.
Increased risk of infections is one of the most important concerns associated with immunosuppressive agents as they substantially interfere with the functioning of patients' immune systems. 8 9 While the risk of serious infections attributable to use of these agents is well characterized in the overall patient populations with autoimmune inflammatory conditions, [10] [11] [12] information on this risk is lacking in pregnant women as they are usually excluded from clinical trials for ethical reasons and are underrepresented in observational studies. 13 Pregnancy, being a state of altered immunologic responses, is a particularly vulnerable period and women taking immunosuppressive drugs may be more susceptible to acquire new and more severe infections.
14 Understanding the comparative risk of infections in women exposed to various immunosuppressive classes during pregnancy is critically important to guide treatment selection in pregnant women with autoimmune inflammatory conditions. Using data from two large US health insurance databases, Medicaid and Optum Clinformatics, we compared the risk of serious infections in women with autoimmune inflammatory conditions receiving steroids, non-biologic immunosuppressive agents, or tumor necrosis factor α (TNF) inhibitors during pregnancy.
Methods

Data sources and study population
For this study we used Medicaid Analytical eXtract files for enrollees in 46 US states and Washington, DC for 2000 to 2010 (excluding Arizona, Connecticut, Michigan, and Montana because of incomplete data) and Optum Clinformatics files for enrollees in United Healthcare from all 50 states and Washington, DC for 2004 to 2015. Comprehensive data on demographics, diagnoses, and procedures performed during outpatient visits or inpatient stays, and outpatient filled prescription records are available in these files and can be tracked longitudinally. Since all prescription drugs are recorded in the pharmacy dispensing databases on insurance payment, missing information on exposure is expected to be low. For outcomes and other medical conditions used as covariates, these administrative databases capture diagnosis data coded electronically during routine care medical visits. Since pregnancy is a condition that requires frequent contact with the healthcare system, missingness is expected to be low.
The study population consisted of women aged 12 to 55 years with completed pregnancies resulting in liveborn infants. We linked mothers with their infants in both data sources deterministically using family identifiers and delivery dates corresponding to birth dates. 15 16 We then identified the date of the last menstrual period based on the delivery date after applying a validated algorithm to term and pre-term deliveries separately. 17 To prevent incomplete capture of information about the exposure, outcomes, and other study variables we excluded women who did not have continuous eligibility in their health insurance plan between three months before the date of the last menstrual period and one month after the delivery date. Finally, we restricted the study population to women with a recorded diagnosis of the systemic inflammatory conditions of interest (rheumatoid arthritis, systemic lupus erythematosus, ankylosing spondylitis, psoriatic arthritis, or inflammatory bowel disease), who filled at least one outpatient prescription for an immunosuppressive agent during pregnancy. See supplementary eTable1 for a list of ICD-9 (international classification of diseases, ninth revision) diagnosis codes and immunosuppressive agents considered for inclusion.
Patient involvement
No patients were involved in setting the research question or the outcome measures, nor were they involved in developing plans for recruitment, design, or implementation of the study. No patients were asked to advise on interpretation or writing up of results. There are no plans to disseminate the results of the research to study participants or the relevant patient community.
Drug exposure and follow-up
The date when the women filled an immunosuppressive prescription for the first time during pregnancy was defined as the index date. We categorized the women into one of three mutually exclusive groups hierarchically based on the index prescription: steroids, non-biologic agents, and TNF inhibitors. Because TNF inhibitors are not indicated for the treatment of systemic lupus erythematosus we excluded patients with the disease and no concomitant rheumatoid arthritis, psoriatic arthritis, ankylosing spondylitis, or inflammatory bowel disease from the comparisons involving TNF inhibitors. After the index prescription, we allowed for use of steroids in the non-biologics group and use of steroids or non-biologics in the TNF inhibitors group to reflect routine clinical practice. To maintain the prespecified hierarchical structure throughout the follow-up period, however, we did not allow for use of non-biologics or any biologics in the steroids group and use of any biologics in the non-biologics group. Consequently, we censored the follow-up on the following switches: steroids to any non-biologic agent or TNF inhibitor and non-biologic agents to a TNF inhibitor. Owing to a small number of patients using a non-TNF inhibitor biologic agent (abatacept, rituximab, tocilizumab, anakinra, natalizumab, alefacept, and ustekinumab), we were not able to study their effects on risk of infection. We thus stopped the follow-up time when patients from any of the three exposure groups switched to any of the non-TNF inhibitor agents. eFigure 1 contains a schematic representation of the study design. In the primary approach, we followed patients for the outcome of serious infection until the end of pregnancy if they did not switch treatments as described. In a sensitivity analysis, we only conducted comparisons across monotherapy users of steroids, non-biologics, and TNF inhibitors. In another sensitivity analysis, patients were censored when they discontinued their index treatment. Discontinuation was defined as no new filled prescription for the index treatment for one month after accounting for the day supply of the most recent prescription.
Study outcome
The outcome of interest was occurrence of serious infections during pregnancy after the index date. The outcome was defined as a composite of bacterial infection (meningitis, encephalitis, cellulitis, endocarditis, pneumonia, pyelonephritis, septic arthritis, osteomyelitis, and bacteremia) or opportunistic infections (tuberculosis, systemic candidiasis, cryptococcosis, aspergillosis) and identified using discharge diagnosis codes from hospital admission records. To dentify these infections we used a previously validated algorithm, which is reported to have a high positive predictive value (80%) in administrative claims.
Covariates
We measured several sets of factors for risk adjustment: patient demographic variables-maternal age, geographic region, and insurance program (Public (Medicaid) or private (Optum Clinformatics)); diagnosis of the specific autoimmune inflammatory conditions-systemic lupus erythematosus, rheumatoid arthritis, ankylosing spondylitis, psoriatic arthritis, or inflammatory bowel disease; other medical conditions and medication use during the baseline period of three months before the last menstrual period and the index date as measures of patients' comorbidity burden; and healthcare utilization factors recorded during three months before the index date as measures of general patient health and contact with the healthcare system. Other medical conditions included anemia, chronic respiratory illness, cancer, pre-existing diabetes, renal disease, drug misuse or dependence, and recorded obesity or smoking. Drugs included for risk adjustment were opioids, benzodiazepines, antipsychotics, antihypertensive agents, insulin, oral hypoglycemic agents, and antidepressants. The healthcare utilization factors considered were number of distinct prescription drugs used, number of hospital admissions, and number of outpatient visits. In addition, we also identified diagnosis of serious bacterial or opportunistic infections between three months before the last menstrual period and the index date, as previous infection is one of the most important risk factors for future infections. 19 20 Use of immunosuppressive drugs before pregnancy was not included as a covariate for risk adjustment because it was strongly associated with the index exposure but had no association with the outcome. Adjusting for such variables is known to result in reduced precision and potential amplification of bias. 21 
22
Statistical analyses
Primary analysis
For all comparisons in the combined cohort of women with autoimmune inflammatory conditions we provide unadjusted incidence rates, incident rate differences, and incident rate ratios along with 95% confidence intervals. To account for confounding factors, we used propensity score based approaches for risk adjustment. Propensity scores were defined as the predicted probability of receiving the exposure of interest (exposure to non-biologics in the non-biologics versus steroids comparison and exposure to TNF inhibitors in the comparisons involving TNF inhibitors) conditional on patients' covariate distributions and were derived using logistic regression models containing factors described in the section on covariates, as well as calendar year of last menstrual period, and month of pregnancy in which the follow-up started, as independent variables. Next, we trimmed the non-overlapping portions of the propensity score distribution to exclude non-comparable patients before creating 50 strata based on the distribution of the exposed patients and weighted reference patients proportional to the distribution of the exposed in the stratum into which they fell. 23 Finally, we used weighted Cox proportional hazard regression models to derive the adjusted hazard ratios between immunosuppressive treatment and the risk of serious infections. We also plotted propensity score weighted cumulative incidence of serious infections for all three comparisons. 24 We further presented crude estimates for the risk of serious infections by the month of pregnancy in each of the three treatment groups.
Secondary analyses
To evaluate the possibility of effect measure modification by diagnoses of underlying autoimmune disease, we conducted an alternate analysis using stratification by indications. Accordingly, we conducted comparisons among three groups of patients defined hierarchically: inflammatory bowel disease (steroids, non-biologics, and TNF inhibitors), systemic lupus erythematosus (steroids and non-biologics), and rheumatoid arthritis, psoriatic arthritis, and ankylosing spondylitis (steroids, non-biologics, and TNF inhibitors). In each stratum, we used the same propensity score based approach for risk adjustment to derive adjusted associations between use of immunosuppressive treatment and serious infections. To provide a summary hazard ratio for each comparison of interest, we pooled the adjusted estimates for non-biologic versus steroids, TNF inhibitors versus steroids, and TNF inhibitors versus non-biologics across indications using an inverse variance random effects meta-analytic method. 25 As opposed to non-biologics or TNF inhibitors, which are used at a standard dose or weight based doses, steroids are used in wide dose ranges. Therefore to evaluate steroid dose as an independent risk factor of infections we conducted a dose-response analysis among women in our cohort who filled at least one steroid prescription in pregnancy. In this analysis we used a logistic regression model to evaluate the association between average daily steroid dose during pregnancy and the risk of serious infections, with adjustment for the underlying systemic inflammatory conditions (systemic lupus erythematosus, rheumatoid arthritis, ankylosing spondylitis, psoriatic arthritis, and inflammatory bowel disease), additional immunosuppressive drugs use during pregnancy (non-biologics or TNF inhibitors), and the data source (Medicaid or Optum Clinformatics). The average daily dose was calculated as the total cumulative dose in prednisone equivalent milligrams divided by the total number of days of follow-up.
Subgroup analyses
To evaluate the differential risk of infection in important subpopulations, we conducted two subgroup analyses. In the first analysis, we included a subgroup of patients at a higher risk of serious infections. This subgroup was defined by the presence of at least one additional risk factor, including previous serious infection, diabetes mellitus, white blood cell disorders, cancer, chronic lung disease, ischemic heart disease, renal disease, drug misuse, tobacco use, and obesity. 19 In the second subgroup analysis, we compared the risk of serious infections between users of non-biologic monotherapy and those of non-biologic and steroid combination therapy to evaluate the additional risk with steroid use among users of non-biologic agents. All analyses were conducted using SAS 9.4 (SAS institute, Cary, NC).
Results
Patient population
This study included a total of 4961 (0.2%) pregnant women drawn from a source population of over two million pregnancies identified from Medicaid and OptumClinformatics data, who had been treated for systemic lupus erythematosus, rheumatoid arthritis, psoriatic arthritis, ankylosing spondylitis, or inflammatory bowel disease (see supplementary eFigure 2). The mean age of the included women was 29 (SD 6) years. Most of the women included in our cohort had a diagnosis of systemic lupus erythematosus (n=1826 (36.8%)), followed by rheumatoid arthritis (n=1797 (36.2%)), inflammatory bowel disease (n=1123 (22.6%)), ankylosing spondylitis (n=583 (11.7%)), and psoriatic arthritis (n=143 (2.9%)). The crude incidence rates of serious infections per 100 person years among 2598 steroid users, 1587 non-biologic users, and 776 TNF inhibitor users were 3.4 (95% confidence interval 2.5 to 4.7), 2.3 (1.5 to 3.5), and 1.5 (0.7 to 3.0), respectively (table 1⇓) . Distribution of most of the patient characteristics was noticeably different across the treatment groups in all our comparisons (see supplementary eTable 2).
Weighting by the propensity score substantially reduced imbalances in all the covariates across all comparisons (table  2⇓) .
Comparative infection risk
In the adjusted primary analyses, no statistically significant differences in the risk of serious infections during pregnancy were observed among users of the three immunosuppressive drug classes (hazard ratios: non-biologics v steroids 0. Figure 1⇓ shows the propensity score weighted cumulative incidence over follow-up. Estimates from sensitivity analyses using the alternative follow-up approach and exposure definitions were consistent with the primary analysis but had lower precision because of decreased sample sizes (table 3⇓) .
In the secondary analysis using stratification by indications, we observed findings indicating no apparent effect measure modification by underlying diagnoses ( fig 2⇓) . Consequently, the pooled hazard ratio estimates using inverse variance methods were similar to the findings from the main analysis. See supplementary eTables 3 and 4 for crude incidence rates and covariate balance pertaining to this analysis.
In the dose-response analysis ( fig 3⇓) , a higher average daily dose of steroids during pregnancy was associated with an increased risk of serious infections (coefficient for each unit increase in average prednisone equivalent mg daily dose=0.019, P=0.02). The risk of serious infections was noticeably higher during the later months of pregnancy in all three treatment groups (see supplementary eFigure 3).
Subgroup analyses
Among patients at a higher risk of serious infections, the hazard ratio for non-biologic versus steroid was 0.66 (95% confidence interval 0.38 to 1.16). Owing to small sample size in the TNF inhibitor group, we were not able to compute effect estimates.
In the second subgroup analysis, the hazard ratio for non-biologic and steroid combination therapy versus non-biologic monotherapy was 1.22 (0.54 to 2.78).
Discussion
In this population based cohort study of pregnant women with autoimmune inflammatory conditions, we observed no meaningful difference in the risk of serious infections among users of steroid monotherapy, non-biologics (monotherapy or in combination with steroids), and tumor necrosis factor α (TNF) inhibitors (monotherapy or in combination with steroids or non-biologics). However, steroid dose was found to be an independent risk factor of serious infections during pregnancy.
Comparison with other studies
Our current investigation adds critical comparative safety data summarizing the risk of serious infections, which is a known and clinically significant adverse event of immunosuppressive treatments, in a vulnerable patient population of pregnant women.
The crude rates of serious infections reported in the literature among users of specific classes of immunosuppressive drugs in the general patient population are higher than the rates we observed (3 to 8 per 100 person years for TNF inhibitors and 1.4 to 7.8 for non-biologics, 10 compared with 1.5 for TNF inhibitors and 2.3 for non-biologics in this study). These differences might be attributable to major variations in the age and comorbidity distribution between our study, which only included younger women with relatively low comorbidity burden during their pregnancies, and the previous studies, which tended to include a majority of older patients with a high burden of comorbidities. Further, we also noted that the risk of serious infections was higher in all three treatment groups during the later months of pregnancy. This observation is in line with the previously suggested hypothesis of lower immune activity leading to greater severity of certain infectious events in late pregnancy 14 and suggests that late pregnancy may be a particularly vulnerable period for risk of serious infections associated with immunosuppressive treatments among women with autoimmune diseases.
Clinical implications
Our finding of higher steroid dose during pregnancy being an independent risk factor for infections is in keeping with published data from the general patient populations with autoimmune inflammatory conditions, including rheumatoid arthritis, 26 systemic lupus erythematosus, 27 and inflammatory bowel disease. 28 This finding is especially relevant because in a previous investigation we reported that steroids are the most commonly used agents during pregnancy in women with rheumatologic autoimmune conditions. 16 However, the absolute risk of serious infections was noted to be low at low doses of steroids (0.014 to 0.017 at <10 mg average daily doses). Therefore, low steroid doses with appropriate monitoring may provide a favorable risk-benefit balance for the management of acute flares in pregnant women with autoimmune inflammatory conditions.
We also observed no apparent increase in the risk associated with use of TNF inhibitors during pregnancy compared with non-biologics or steroids. While this finding may be due to insufficient statistical power in our study to detect a small effect size, it does allow us to rule out the possibility of a large increase in risk of serious infection with use of TNF inhibitors. Based on the upper bounds of our 95% confidence intervals from the adjusted comparisons between TNF inhibitors and steroids or non-biologics in our primary analysis, we can exclude the possibility of the risk of serious infections being higher than approximately twofold to fourfold with TNF inhibitors compared with other treatment options (upper confidence limit 2.26 and 3.93 versus steroids and non-biologics, respectively, table 3⇓). However, continuing research efforts are needed to examine the differences in the risk of serious infections with TNF inhibitor use during pregnancy compared with other treatment options.
It must also be noted that selection of an appropriate course of immunosuppressive treatment for managing active autoimmune conditions in pregnancy is a complex task that requires consideration of maternal and fetal safety for multiple outcomes, not only serious infections. One of the most important considerations is the teratogenic potential of drugs being considered. It is noteworthy that certain non-biologic immunosuppressive agents, including methotrexate, mycophenolate mofetil, and leflunomide, are known to be teratogenic and therefore should be completely avoided in pregnancy. Other non-biologic agents, including hydroxychloroquine, sulfasalazine, and thiopurines (azathioprine and mercaptopurine), are reported to be safe for congenital malformations. [29] [30] [31] [32] A potential signal for increased risk of oral clefts with steroid use has been reported. 33 Additional concerns, including gestational diabetes and gestational hypertension, have been noted with steroid use during pregnancy. 9 34 Evidence for safety of TNF inhibitor use during pregnancy is limited. Although some early reassuring data have been reported regarding their teratogenic potential, 35 more research is required to confirm these observations. Based on well studied fetal safety reported in previous investigations and results from our study suggesting low potential for serious infections, hydroxychloroquine and sulfasalazine for systemic lupus erythematosus, rheumatoid arthritis, ankylosing spondylitis, and psoriatic arthritis, and thiopurines for inflammatory bowel disease can be considered as treatments of choice during pregnancy. Use of low dose steroids seems relatively safe for serious infections in pregnancy; however, women should be closely monitored for serious infections if high dose steroids are used for managing otherwise uncontrolled disease activity.
Strengths and limitations of this study
Our study has several strengths. It is the first comparative study that systematically evaluates the risk of serious infections after treatment with immunosuppressive agents during pregnancy in a population based nationwide cohort representing women from both higher (Optum Clinformatics) and lower (Medicaid) socioeconomic status. Owing to the availability of longitudinal data on patients' medical diagnoses and prescription claims, we were able to account for a variety of confounding factors and present risk adjusted estimates for each comparison. Because of a relatively large sample size available for analysis, we were able to conduct additional stratified analysis by underlying inflammatory conditions and eventually pool the results using meta-analytic methods.
Some important limitations to our study also deserve discussion. Firstly, we only included women with a liveborn infant, which may have underrepresented the use of some non-biologic agents that are known to result in abortions, including methotrexate, mycophenolate mofetil, and leflunomide. Though this is certainly a limitation, use of these agents in pregnancy should be minimal as they are known teratogens and therefore evaluating the risk of infections with these agents has limited clinical relevance. Secondly, since we did not have measures of disease activity explicitly recorded in our data sources, our study might be subject to residual confounding by these factors. It is possible that patients using steroids may have initiated these agents in pregnancy because of more active disease flares compared with patients using non-biologic agents, and therefore residual confounding by disease activity is possible. It is also noteworthy that the current study focuses on use of steroids in pregnancy for management of maternal chronic autoimmune inflammatory conditions and the associated risk of infection in mothers during pregnancy. Therefore our findings are not generalizable to the population of women at high risk of preterm delivery, where short term use of prenatal corticosteroids is known to be associated with improved neonatal outcomes. 36 
Conclusion
Findings from this large scale population based cohort study of pregnant women with systemic inflammatory conditions suggest that risk of serious infections is similar among users of steroids, non-biologics, and TNF inhibitors. However, the use of high dose steroids is an independent risk factor of serious infections in pregnancy.
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What is already known on this topic
Autoimmune conditions such as systemic lupus erythematosus (SLE), rheumatoid arthritis, ankylosing spondylitis, psoriatic arthritis, and inflammatory bowel disease have a female predominance and affect many women during pregnancy
Increased risk of infections is one of the most important concerns associated with the use of immunosuppressive agents as they substantially interfere with the functioning of patients' immune systems Pregnancy, being a state of altered immunologic responses, is a particularly vulnerable period during which patients taking immunosuppressive agents may be more susceptible to acquire new and more severe forms of infections
What this study adds
Use of steroids, non-biologics, and tumor necrosis factor α inhibitors in pregnant women with SLE, rheumatoid arthritis, ankylosing spondylitis, psoriatic arthritis, and inflammatory bowel disease is associated with similar risk of serious infections
Steroid dose is an independent risk factor of serious infections in pregnancy
Women receiving high dose steroids during pregnancy should be monitored closely for development of serious infections Tables   Table 1| Crude absolute and relative −5.4 6 (5.5) 6 (5.5) −0.7 6 (5.9) 6 (5.5) −1.8 6 (6.2) 6 (6.1) Mean (SD) No of outpatient visits TNF=tumor necrosis factor α; SLE=systemic lupus erythematosus. *Conditions included ankylosing spondylitis, inflammatory bowel disease, psoriatic arthritis, rheumatoid arthritis, and SLE. TNF inhibitors are not indicated for the treatment of SLE and therefore patients with only SLE were excluded from comparisons concerning TNF inhibitors. †Standardized differences ≥10 indicate substantial imbalance in a particular covariate between the two treatment groups. Variables with standardized differences >10 after propensity score weighting were also added to the Cox proportional hazards regression model for risk adjustment. ‡Actual numbers are suppressed for counts <11 as required by data use agreement with the Centers for Medicare and Medicaid Services. *Adjusted with propensity score weighting in Cox proportional hazard regression models. Variables with standardized differences >10 after propensity score weighting were also added to these models. †Discontinuation defined as no new filled prescription for one month after accounting for day supply of most recent prescription. This approach resulted in insufficient event counts for the TNF inhibitor versus non-biologics comparison to calculate hazard ratios. ‡Autoimmune inflammatory conditions included ankylosing spondylitis, inflammatory bowel disease, psoriatic arthritis, rheumatoid arthritis, and SLE. TNF inhibitors are not indicated for the treatment of SLE and therefore patients with only SLE were excluded from comparisons concerning TNF inhibitors.
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